ABSTRACT Effects of vegetational diversity upon abundance of potato leafhopper, Empoasca fabae (Harris), were examined in four agroecosystems. One of the four cropping systems was a soybean monoculture; the other three were relay intercropping systems that varied in the amount of wheat, Triticum aestivum L. (a nonhost plant), planted between soybean rows. Each employed the same planting density and dispersion of a potato leafhopper host plant, soybean, Glycine max (L.) Merrill. The cropping systems formed a gradient of vegetational diversity of host/nonhost plant density. Soybean and wheat were co-present in experimental plots early in the season; following the wheat harvest, all four cropping systems were soybean monocultures. Preceding the wheat harvest, potato leafhoppers were substantially and signiÞcantly more abundant in the monoculture than in any of the intercropping systems. Leafhopper densities were extremely low in all the intercropping systems. After the wheat harvest, differences between the monoculture and intercropping systems gradually decreased, and fewer collection dates showed signiÞcant differences. Females and males had similar population dynamics and differences among cropping systems. No signiÞcant differences in abundance were found among the intercropping systems. Results suggest that the use of host/ nonhost intercropping systems would provide growers with an alternative management tactic against potato leafhoppers.
RELAY INTERCROPPING DESCRIBES a subclass of mixed cropping systems as an alternative for efÞcient use of land and favorable growing conditions. In the northern Midwest, relay intercropping of soybean and winter wheat has been shown to have economic and agronomic advantages over monocropping (i.e., solitary monoculture) and conventional double cropping (i.e., sequential monocultures) (Jeffers and Triplett 1979; Chan et al. 1980; Jeffers 1987 Jeffers , 1990 . Advantages include higher proÞtability, better soil and water conservation, and potentially, reductions in herbicide use. Soybean-wheat relay intercropping systems exhibit substantially reduced density of the potato leafhopper, Empoasca fabae (Harris), an insect pest of soybean, relative to soybean monocultures (Hammond and Jeffers 1990) . Similar suppression of abundance of this insect has been found when alfalfa has been grown in the presence of grassy weeds (Lamp et al. 1984a , Oloumi-Sadeghi et al. 1987 , forage grasses (Coggins 1991) , or oat (Lamp 1991) , compared with alfalfa monocultures. Although the potato leafhopper rarely causes economic damage to commercial varieties of soybean, it is among the most abundant herbivores inhabiting the crop in the Midwest (Helm et al. 1980) . Soybean in monoculture is a good host for this leafhopper during spring to midsummer, facilitating reproduction of enormous numbers of the insects because of the extensive areas planted to the crop. Potato leafhoppers that develop on soybean then may disperse to infest and damage other, more susceptible crops. The species has a wide host range, including Ͼ200 known species Wheeler 1943, 1949; Lamp et al. 1984b; Ranne and Lamp 1990) . In the northeastern and midwestern United States, potato leafhopper is an important pest of leguminous Þeld and horticultural crops, potatoes, and many garden vegetables and ornamentals (Miklasiewicz 1997) .
Potato leafhopper is believed to be unable to withstand severe cold weather, such as prevails in the northern Midwest (Decker and Cunningham 1967 , Specker et al. 1990 , Shields and Sher 1992 . Each year, as temperatures increase in the spring, potato leafhoppers expands its range to include most of the lower-elevation areas of the eastern United States (DeLong 1938) . This expansion in range is assisted by ßights that take advantage of rapidly moving, northward-directed air masses typically associated with storm fronts (Medler 1957 , Pienkowski and Medler 1964 , Carlson et al. 1991 . Because potato leafhoppers must reestablish themselves throughout much of the northern portion of its range in spring or early summer of each year, they are believed to be vulnerable to manipulation if the factors that inßuence their movement and selection of habitats were better understood (Lamp and Zhao 1993) . Indeed, suppression of potato leafhopper abundance has been reported from a va-riety of agroecosystems with crops other than soybean and alfalfa when vegetational diversity has been increased (Lamont 1981 , Roltsch and Gage 1990 , Coggins 1991 , Andow 1992 .
The resource concentration hypothesis has frequently been invoked in attempting to explain why certain herbivores exhibit decreased abundance when in vegetationally complex habitats, compared with simple (usually monospeciÞc) ones. First formalized by Root (1973) , the concept proposed that herbivores respond to visual and chemical stimuli from host and nonhost plants, as well as to microclimate and other environmental modiÞcations produced by plants. Herbivore responses include movement and changes in rates of survival and reproduction. The complex of responses to environmental stimuli determines the relative attractiveness of the habitat, the evaluation of resource concentration made by individual herbivores. Factors believed to strongly inßuence this evaluation are the number, density, spatial arrangement, and relative attractiveness of hosts, mediated by interference from nonhosts (Tahvanainen and Root 1972, Root 1973) . Hammond and Jeffers (1990) found that the presence of wheat in a soybean-wheat relay intercropping system was sufÞcient to protect glabrous soybean from damage, even though it is highly susceptible to injury by potato leafhopper. Those authors employed a commercially viable version of an intercropping system (full relay intercropping) that contained a relatively large amount of wheat. The Þeld study reported here included an intercropping system that was very similar to that used by Hammond and Jeffers, a soybean monoculture, and added two cropping systems that had amounts of wheat (numbers of rows) intermediate between the extremes. Together, these four cropping systems represent a gradient of vegetational diversity, produced by manipulating the amount of nonhost present while attempting to minimize differences in host density and dispersion. In a study that also employed a gradient of vegetational diversity, consisting of Þve treatments with Þxed bean (Phaseolus vulgaris, a potato leafhopper host) and variable tomato (Lycopersicon esculentum, a potato leafhopper nonhost) density, Roltsch and Gage (1990) reported an inverse relationship between density of the nonhost and densities of potato leafhopper nymphs and eggs.
The objective of this study was to determine whether there was a differential response in abundance of potato leafhopper to the gradient of vegetational diversity represented by the cropping systems. Our null hypothesis stated that there was no difference among cropping systems in potato leafhopper abundance. An alternative hypothesis, based on the resource concentration hypothesis, stated that potato leafhoppers would be distributed within cropping systems in numbers inversely proportionate to the amount of wheat present.
Materials and Methods
Agronomic Procedures. The experiment was conducted on a Wooster silt loam at the Ohio Agricultural
Research and Development Center in Wooster, OH. The Þelds used during the 3 yr of the study were located within 150 m of one another. Each study year spanned an autumn to autumn period, and is designated here by the latter portion of the period, during which insect populations were measured. The experimental design used four treatments replicated three times (1991) or four times (1992 and 1993) in a randomized complete block design. Three treatments were relay intercropping systems that combined different amounts of soft red winter wheat (Triticum aestivum ÔBeckerÕ) with soybean (Glycine max ÔFly-erÕ); one treatment was a soybean monoculture. The relay intercropping systems had a period during MayÐ July (beginning with the emergence of soybean seedlings and ending with the harvest of grain from wheat) when standing wheat and soybean crops were copresent in research plots. The condition of the cropping system habitat during this period was critically important to the dynamics of potato leafhoppers throughout the season because the major migratory inßux of this leafhopper occurred during this time.
The seeding rate for wheat within rows was the same for all of the intercropping systems. The amount of wheat in each cropping system was determined by controlling the number and spacing of wheat rows planted. Wheat was drilled (Moore Unidrill, Moore Uni-Drill, Ballymoney, N. Ireland) on 8, 15, and 6 October 1990 8, 15, and 6 October , 1991 8, 15, and 6 October , and 1992 , respectively, in patterns that produced 14:3, 7:3, 3:3, and 0:3 ratios of wheat to soybean rows (Fig. 1) . The numerator of each ratio is the sum of wheat rows planted within the distance deÞned by a single planter pass through the Þeld (2.4 m wide, Ϸ8 feet); similarly, the denominator of these ratios is the sum of the soybean rows planted in that same space. Because soybean was planted at the same density and row spacing in all cropping systems, the denominator is always the same. These ratio designations will be used here to refer to the cropping systems. The seeding rates for wheat were Ϸ106, 53, and 23 kg/ha for the 14:3, 7:3, and 3:3 cropping systems, respectively. Soybean (inoculated with Bradyrhizobium japonicum) was planted into gaps in the wheat planting on 9, 14, and 11 May 1991 May , 1992 May , and 1993 , respectively, using a no-till planter (model 71 Flexiplanter, John Deere, Moline, IL). The estimated plant populations for soybean at germination were 305,100, 319,800, and 322,500 plants/ha in 1991, 1992, and 1993, respectively. Each plot (unique combination of treatment and block, n ϭ 12 in 1991, n ϭ 16 in 1992 and 1993) measured 30.5 by 19.4 m, and contained 24 soybean rows. Rows were oriented north-south. Blocks were oriented east-west in 1991 and 1993, and north-south in 1992. Within the study Þeld, mowed grass driveways, 4.9 m wide and oriented east-west, were superimposed between adjacent blocks in 1991, and separated adjacent cropping systems within blocks in 1992. A single driveway bisected the experimental Þeld in 1993 (separating blocks 1 and 2 from 3 and 4). The driveways were planted to wheat at the time of wheat planting. During May 1993 the driveway was overseeded with tall fescue, Festuca arundinacea
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MIKLASIEWICZ AND HAMMOND: PLANT DIVERSITY AND LEAFHOPPER ABUNDANCE(Schreb.). During each year, driveways were colonized by a variety of plant species common in turf. The Þelds in which the experimental plots were located were surrounded by a driveway/buffer area 5.5Ð15.2 m wide, inhabited by perennial grasses, predominantly fescues (Festuca spp.), and ryegrass (Lolium spp.). Driveways and buffers within and adjacent to the experimental plots were kept mowed to Ͻ10 cm throughout the experiment. Adjacent Þelds surrounding the experiment were occupied by alfalfa, Þeld corn, soybean, and wheat, or were left fallow.
Research plots and driveways were fertilized in mid-April of each year with 448 kg/ha 0-26-26; 224 kg/ha 34-0 Ð 0 (NH 4 NO 3 ) was applied to driveways and research plots containing wheat. Plots containing wheat were treated with 2,4-D ester at 560 g (AI)/ha on 22 April 1991 , 6 and 2 May 1993 and 1994 during 1992 and 1993 , thifensulfuron also was applied to these plots at 18 g (AI)/ha. Soybean monoculture plots were treated with 841 g (AI) linuron/ha and 1,681 g (AI) alachlor/ha within 2 d after planting. Weed escapes were spot-treated with a solution of glyphosate (1% in 1991, 3% in 1992, and 1993) and 0.5% nonionic surfactant (George II, Central Petroleum, Cleveland, OH) during May of each year.
Soybean Measurement. To compare characteristics of host plants in cropping systems, the density, height, leaf area, vegetative stage, and biomass of soybean plants were measured on 4 July 1991 and 24 Ð27 July 1993 (one block per day). Locations for measurements were identiÞed by selecting coordinates without bias within each plot using a random number generator; however samples were not taken within 1.5 m of plot borders. Coordinates were located within soybean rows. From the central point identiÞed by these coordinates, a rectangular area was deÞned extending 0.5 m perpendicular to the soybean row to the east and west (row orientation was north-south), and 0.125 m in either direction within the row (total area 0.25 m 2 ). All plant material emerging from the soil within the rectangle was cut at ground level and removed to the laboratory for further measurement. For each plant, soybean height was recorded as the distance along the main stem between the cotyledonary node and the terminal node. The vegetative stage of each plant in a sample was rated (Fehr et al. 1971) . Then the leaves were separated from other plant parts and the aggregate leaf area of the sample was determined (LI-3100 Area Meter, Li-Cor, Lincoln, NE). Finally, leaves and other plant parts for each sample were air-dried and weighed (Metler PC4000, Mettler Instrument, Hightstown, NJ) to determine epigeal biomass (1993 only).
Soybean Data Analysis. Data for each plant characteristic were analyzed using the analysis of variance (ANOVA)/MANOVA two-way ANOVA procedure (StatSoft 1999). Independent variables were treatment and replication (block) in each case. For height and vegetative stage, data subjected to analyses were sample means rather than measurements from individual plants. Before ANOVA, data sets were screened for homogeneity of variances using CochranÕs C test (␣ ϭ 0.05, StatSoft 1999). Leaf area data were transformed using log(x), and sample means for height for 1993 and vegetative stage for 1991 were transformed using (xϩ0.5) 0.5 . Data from 1991 and 1993 were analyzed separately. Effects with signiÞcant differences from ANOVA were further analyzed using TukeyÕs honestly signiÞcant difference (HSD) Test (␣ ϭ 0.05, StatSoft 1999) to compare means.
Leafhopper Sample Collection. The sampling method for this study used a backpack-mounted DVac suction device (D-Vac Vacuum Insect Net, DVac, Ventura, CA) to capture arthropods on and near soybean plants (Dietrick 1961) . Helm et al. (1980) believed this to be the best relative method for sampling populations of adult leafhoppers on soybean, and some (Ogunlana and Pedigo 1974 , Marston et al. 1976 , Simonet et al. 1979 , Fleischer et al. 1982 consider it to approach an absolute method of sampling. The collection cone of the D-Vac was lowered over the plants for Ϸ1 s at each of 10 locations within a plot, Ͼ1.5 m from the plot border. For each such subsample, collection locations were regularly distributed over at least two soybean rows. The area under the cone at each location was 856 cm 2 , therefore each subsample (10 suctions -Lamp and Smith 1989) was equivalent to 0.856 m 2 ground area. The cone was lowered to the greatest extent possible without damaging plants; if possible the lip of the cone was placed in contact with the ground brießy. Fine mesh net-bags that had intercepted the arthropods as they were sucked into the cone were removed from the D-Vac and placed immediately into 0.95-liter capacity plastic freezer containers. The contents of the net-bags were killed by freezing at -10ЊC. During 1991 and 1992 there were three subsamples per plot per collection date. Collections were made from 1530 hours to dusk during 1991 and 1992, 1300 hours to dusk during 1993. Temperature conditions during sample collection ranged from 15 to 34ЊC; sampling was not conducted when wind velocity substantially disturbed plants, or if condensation or precipitation rendered plant surfaces moist.
During 1991 and 1992, a full complement of D-Vac sampling was initiated shortly after the initiation of substantial potato leafhopper immigration into the area. The decision regarding the appropriate date was based upon the emergence and growth of soybean plants to be sampled, and on early season preliminary sampling (using a D-Vac, sweep net, water traps, or visual observation). The Þrst samples were collected on 4 and 15 June 1991 and 1992, respectively. Thereafter, samples were collected at 6-to 10-d intervals (mean ϭ 7.8 d) in the period before the wheat harvest (5Ð12 July 1991, 9 Ð16 July 1992). After the harvest, the interval was 7Ð18 d (mean ϭ 11.1 d) until soybean senescence. During 1993, the number of subsamples per plot per sampling date was increased to 10 in an attempt to discriminate statistical differences in potato leafhopper abundance among intercropping systems. Samples were collected from two of four blocks on each of two consecutive days each month: 10 Ð11 June, 16 Ð17 July, 18 Ð19 August, and 13Ð14 September. Throughout the entire study, the order of block sampling was random. All samples were collected from within a block before proceeding to sample from other blocks.
Samples were examined using a stereomicroscope or a Stereo Zoom 5 x microscope. Adult potato leafhoppers were sexed and counted. IdentiÞcation of this species was based upon a careful examination of external morphological characters, including the size and shape of sclerites and setation, and upon coloration. The total number of subsamples examined was 1347.
Leafhopper Data Analysis. In this study, the experimental unit is a single research plot. For convenience, we have used the mean number of potato leafhopper per subsample (i.e., 10 suctions), rather than the sum of potato leafhoppers from all subsamples collected in each plot. These averages were used to calculate means for cropping systems that are presented in Þg-ures and text, and were used to produce transformations for statistical analyses.
Data for 1991 and 1992 were transformed using log(x ϩ 1), and data for 1993 were transformed using x 0.5 . In almost all cases, these transformations succeeded in reducing the heterogeneity of variances and rendering residuals sufÞciently normal to permit ANOVA testing. Data were analyzed separately for each collection date, and for each sex. Data sets of transformed data were screened using LeveneÕs Test (Levene 1960; %VARTEST Macro, Minitab 1996) . Only datasets with nonsigniÞcant scores (␣ ϭ 0.05) from this test were subjected to further analysis. To determine whether differences observed among cropping systems were statistically signiÞcant, a one-way ANOVA test was performed (ONEWAY Procedure, Minitab 1996) . Residuals from ANOVA tests were examined graphically to detect excessive deviation from a normal distribution (ONEWAY Procedure, Minitab 1996) . If signiÞcant differences were found using the one-way test, means were compared using TukeyÕs w Procedure (Zar 1996 , Steel et al. 1997 .
Results
Soybean Measurement. Vegetative characteristics of soybean are summarized in Table 1 . Density was signiÞcantly less in monoculture than in intercropping systems in 1991 (F ϭ 7.33, df ϭ 3, P Ͻ 0.001), but not in 1993; there were no differences among intercropping systems in either year.
Soybean in monoculture had short, compact plants, that differed statistically from some of the intercropping systems (1991: F ϭ 6.10, df ϭ 3, P ϭ 0.002; 1993: F ϭ 4.25, df ϭ 3, P ϭ 0.006), but the magnitude of differences was small, and the rankings and alignment of statistical similarities were inconsistent during the 2 yr.
Although the 0:3 cropping system had the greatest leaf area in both years, it was not signiÞcantly different from 3:3 or 7:3 cropping systems. All of these were substantially and signiÞcantly greater than the 14:3 cropping system (1991: F ϭ 16.44, df ϭ 3, P Ͻ 0.001; 1993: F ϭ 7.89, df ϭ 3, P Ͻ 0.001). Leaf area values in the intercropping systems, calculated as a proportions of that in monoculture, were 83, 63, and 29% in 1991; and 64, 72, and 40% in 1993 , for the 3:3, 7:3, and 14:3 cropping systems, respectively.
The vegetative stage attained by soybean in monoculture was signiÞcantly greater than that of any intercropping system (1991: F ϭ 24.96, df ϭ 3, P Ͻ 0.001; 1993: F ϭ 80.78, df ϭ 3, P Ͻ 0.001). Vegetative development of soybean in the 14:3 cropping system was signiÞcantly less than that of the other intercropping systems.
As with vegetative stage, 1993 biomass of monocultured soybean was signiÞcantly greater than that of all intercropping systems (F ϭ 10.41, df ϭ 3, P Ͻ 0.001). The 3:3 cropping system had signiÞcantly greater biomass than the 14:3 system, but the 7:3 system was not signiÞcantly different from either of the other intercropping systems. Biomass means were 67, 61, and 35%, of those for monoculture for the 3:3, 7:3, and 14:3 cropping systems, respectively. Adult Female Potato Leafhoppers. In each of the 3 yr of the study, adult female potato leafhoppers were found to be substantially more abundant in the soybean monoculture than in any of the intercropping systems during the period preceding the wheat harvest (Fig. 2) . On the initial sampling date (4 June) in 1991, there were very few females found in any cropping system, and none that had females present differed signiÞcantly. The subsequent three sampling dates (before the wheat harvest) had greatly increased density in the soybean monoculture (9.0 Ð14.8 females per 10 suctions), but the density remained very low in the other systems (0.0 Ð 0.7 females per 10 suctions). ANOVA showed these differences to be highly signiÞcant (14 June: F ϭ 26.86, df ϭ 3, P Ͻ 0.001; 20 June: F ϭ 8.04, df ϭ 3, P ϭ 0.008; 27 June: F ϭ 33.74, df ϭ 3, P Ͻ 0.001).
Immediately after the wheat harvest in 1991 (Þfth sampling date, 17 July), females became more widely distributed within the intercropping plots, and density increased in all cropping systems. Although density of females remained greater in the soybean monoculture than in the intercropping systems until the Þnal sampling date, signiÞcant differences among cropping systems were found on only one of four dates after the wheat harvest (26 July: F ϭ 7.92, df ϭ 3, P ϭ 0.009). In 1991, the highest mean density for females in monoculture (15.1 per 10 suctions) occurred 17 July, soon after the wheat harvest. The intercropping system which was most similar to the monoculture, 3:3, also reached its maximum at that time (5.6 per 10 suctions). The cropping systems that had substantially greater amounts of wheat, 7:3 and 14:3, attained their highest levels on 10 August (8.9 and 6.3 per 10 suctions, respectively).
On the initial sampling date of 1992 (15 June) (Fig.  2) , the mean density in the soybean monoculture was 1.4 females per 10 suctions, the same as at the beginning of June 1991. No females were collected from the intercropping systems. By the second sampling date (25 June), the mean density in the soybean monoculture greatly exceeded the maximum collected during the previous year. On this date, differences in abundance among the cropping systems studied were so great that the datasets did not qualify for ANOVA Means followed by the same letter within a row were not signiÞcantly different using TukeyÕs HSD test (P Ͻ 0.05).
(LeveneÕs test), because the variances could not be rendered sufÞciently homogeneous. Mean densities ßuctuated at relatively high levels (11.9 Ð26.8 females per 10 suctions) in the soybean monoculture during late June to early July until the wheat harvest, but remained low (0.0 Ð1.1 per 10 suctions) in the intercropping systems. ANOVA and means comparison tests showed that females were signiÞcantly more abundant in the soybean monoculture than in the intercropping systems (2 and 9 July: F ϭ 35.90 and 80.50, df ϭ 3, P Ͻ 0.001, respectively). As occurred during 1991, in 1992 female densities increased after the wheat harvest in all cropping systems, reaching their yearly maximum 23 July for the soybean monoculture (61.4 per 10 suctions) and 1Ð11 August for the intercropping systems (13.4, 12.4, and 7.0 for the 3:3, 7:3, and 14:3 cropping systems, respectively). The monoculture had substantially greater densities of females than the intercropping systems until 19 August. Of seven sampling dates after the wheat harvest, three had signiÞcant ANOVA results (23 July: F ϭ 20.18, df ϭ 3, P Ͻ 0.001; 1 August: F ϭ 5.80, df ϭ 3, P ϭ 0.011; 11 August: F ϭ 4.44, df ϭ 3, P ϭ 0.026). For one additional date, the magnitude of the ANOVA result (16 July: F ϭ 4.20, df ϭ 3, P ϭ 0.054) was compromised by having a reduced number of blocks sampled, because rain interrupted sampling.
In 1993, female density in monoculture was significantly greater than in any of the intercropping systems during the June (F ϭ 21.16, df ϭ 3, P Ͻ 0.001) and July (F ϭ 9.49, df ϭ 3, P ϭ 0.002) sampling periods (Fig. 2) . Extremely dry weather during the summer contributed to reduced plant growth and widespread spider mite (Tetranychus sp.) damage to soybean late in the season. The spider mite damage coincided with reduced population development of potato leafhoppers through mid-to-late season, and no potato leafhopper adults were recovered from any cropping system during September. Density of females in monoculture was similar during the JuneÐAugust sampling intervals to that for similar sampling dates in 1991 (a moderately dry year). In the intercropping systems, unlike previous years, density did not show a substantial increase after the wheat harvest, remaining less than two females per 10 suction samples throughout the summer. Maximum mean densities occurred during July for the 0:3. 3:3, and 7:3 cropping systems, and in August for the 14:3 cropping system (11.7, 1.9, 2.0, and 1.7 per 10 suctions, respectively).
During the course of the study, no signiÞcant differences were found among intercropping systems in abundance of females. Ranking the intercropping systems in order of female abundance, by collection date/interval, showed that no intercropping system was consistently dominant. Considering only collection dates/intervals with females present, preceding the wheat harvest, the 3:3 cropping system was more likely to have the greatest mean density during the drier years, 1991 and 1993, with the greatest mean on four of Þve dates/intervals. The 7:3 cropping system was more likely to have the greatest mean density during the wetter year 1992, with the greatest mean density on three of three dates. Over the 3 yr, the frequencies observed were not signiÞcantly different from an expectation of no dominance ( 2 ϭ 1.75, df ϭ 2, P Ͻ 0.42; Observed versus expected frequency test, StatSoft 1999). Neither was there a tendency for any intercropping system to have the least density ( 2 ϭ 1.08, df ϭ 2, P Ͻ 0.58). Within collection dates/intervals preceding the wheat harvest, differences among means for the intercropping systems were small; the maximal difference observed during the study was 0.9.
Adult Male Potato Leafhoppers. The pattern of abundance and of differences among cropping systems was similar for males to that observed for females (Fig. 3) . The major differences were that the mean densities were less for males than females through most of the portion of the year studied. Males were especially scarce in early samples each year. Their abundance was similar to or greater than that of females only when soybean foliage became less suitable for oviposition (September 1992 and August 1993) . These exceptions aside, the dynamics of males and females were substantially the same.
In 1991 and 1992, except for the initial sampling date each year, when male leafhoppers were very scarce in all cropping systems, all sampling dates preceding the wheat harvests had greater densities in the soybean monoculture than the intercropping systems (14 June 1991: F ϭ 39.74, df ϭ 3, P Ͻ 0.001; 20 June 1991: F ϭ 5.78, df ϭ 3, P ϭ 0.021; 27 June 1991: F ϭ 19.26, df ϭ 3, P ϭ 0.001; 25 June 1992: F ϭ 5.85, df ϭ 3, P ϭ 0.011; 2 July 1992: F ϭ 7.69, df ϭ 3, P ϭ 0.004; 9 July 1992: F ϭ 58.03, df ϭ 3, P Ͻ 0.001). In 1993 there were greater numbers of males in monoculture than in the intercropping systems during the June (F ϭ 16.13, df ϭ 3, P Ͻ 0.001) and July (F ϭ 10.19, df ϭ 3, P ϭ 0.001) sampling periods, but no differences among cropping systems during August. After the wheat harvest, differences were found through ANOVA tests for the Þrst two dates after the wheat harvest in 1991 (17 July: F ϭ 7.14, df ϭ 3, P ϭ 0.012; 26 July: F ϭ 13.05, df ϭ 3, P ϭ 0.002), and for the second and third dates, but not the Þrst, after the wheat harvest in 1992 (23 July: F ϭ 15.73, df ϭ 3, P Ͻ 0.001; 1 August: F ϭ 7.05, df ϭ 3, P ϭ 0.005). For half of these dates, the soybean monoculture was distinct from all the intercropping systems; in the other cases it was not distinguishable from the 3:3 cropping system (Fig. 3) . As was the case with females, means comparison tests detected no differences in male abundance among the intercropping systems.
Ranking the intercropping systems in order of male abundance, by collection date/interval, showed that no intercropping system was consistently dominant. Considering only collection dates/intervals with males present, preceding the wheat harvest, the 14:3 cropping system was more likely to have the greatest mean density during 1991; the 7:3 cropping system had the greatest density more frequently during 1992, 1993, and over all dates during the 3 yr of the study (greatest mean in four dates/intervals, tied for most in three; nine total dates/intervals). The 3:3 cropping system was more than twice as likely to have the fewest, or be tied for the fewest male leafhoppers on a given date, as any other intercropping system. However, no intercropping system was statistically dominant in having the greatest ( 2 ϭ 3.33, df ϭ 2, P Ͻ 0.19; Observed versus expected frequency test, StatSoft 1999) or the least ( 2 ϭ 3.00, df ϭ 2, P Ͻ 0.22) abundance of adult males. Male density among the intercropping systems was extremely low preceding the wheat harvest; the maximal difference observed among means for the intercropping systems during the study was 0.4.
Discussion
This study found substantial and signiÞcant levels of suppression of potato leafhopper population density in soybean-wheat relay intercropping systems compared with the soybean monoculture. This was particularly in evidence during the period preceding and immediately after the wheat harvest, when the disparities in vegetational diversity were greatest. These Þndings compare favorably with Hammond and Jeffers (1990) , who also found substantial reductions in potato leafhopper density in relay intercropped wheat/soybean. Considering all sampling dates/intervals before the wheat harvest for 3 yr, female mean density in the soybean monoculture was 4.3Ð107.3 times that of the highest-ranked intercropping system for the same date/interval. If the initial sampling dates in 1991 and 1992 are excluded from consideration (problematic because of extremely low density in all cropping systems), males were 7.3Ð74.0 times more Fig. 3 . Abundance of male potato leafhoppers in four cropping systems during 1991Ð1993. Markers indicate mean density for each cropping system on each sampling date/ interval, arrows show the timing of the wheat harvest (note extended length of harvest in 1991 and 1992). Letters associated with markers show results of means comparison tests (TukeyÕs w procedure); within sample collection dates/intervals, means associated with the same letters were not signiÞcantly different. abundant in monoculture than in the intercropping systems.
This time period has a critical inßuence upon population dynamics of potato leafhoppers because it coincides with the spring inßux of migrant potato leafhoppers that colonize crop habitats in the upper Midwest. The intercropping systems that had negligible densities (0.0 Ð1.1 females and 0.0 Ð 0.6 males per 10 suctions) before the wheat harvest persisted in having considerably lower densities than the soybean monoculture long after the wheat was removed. Within sample collection dates/intervals, none of the mean densities of either sex in the intercropping systems exceeded those of the soybean monoculture until the second (1991) or third (1992) week of August. During 1993, densities in the intercropping systems never surpassed those in monoculture. Each year, by the time of the season when density was recorded as similar in monoculture and intercropping systems, abundance of potato leafhopper in soybean was declining. This decline is related to decreases in the quality of leaf substrate and to higher temperatures, which are associated with reduced oviposition and survivorship (DeLong 1938 , Kieckheffer and Medler 1964 , Kouskolekas and Decker 1966 , Decker et al. 1971 , Taylor 1989 , and possibly with increased emigration. Our results are in agreement with previous research, showing that potato leafhoppers engaged in long-distance migration and early-season colonists of crops are predominantly female (Glick 1960 , Medler et al. 1966 , Decker et al. 1971 , Taylor and Reling 1986 , Flinn et al. 1990 , Miklasiewicz 1997 . Lower initial female density in the intercropping systems translates into considerably diminished population growth over the course of the year, relative to the monoculture. Seasonal peaks in abundance of potato leafhoppers in intercropping systems were usually delayed, and were reduced in magnitude, relative to those in the soybean monoculture. Female maximal densities in the intercropping systems were 36.7Ð58.8%, 11.4 Ð21.8%, and 14.6 Ð17.1% of maxima in the soybean monoculture for 1991Ð1993, respectively. Male maximal densities in the intercropping systems as a percentage of those in monoculture were 28.4 Ð95.1% in 1991, 7.5Ð23.4% in 1992, and 18.5Ð22.5% in 1993 . Although potato leafhopper usually does not cause economic damage to varieties of soybean that are commonly grown, those adults that develop on soybean may disperse to damage-susceptible crops (e.g., alfalfa, potato, snap and dry beans, ornamentals). Because of the proximity among plots and scarcity of long-distance migrants at this time of year, we speculate that much of the potato leafhopper population in the intercropping systems, especially immediately after the wheat harvest, is due to potato leafhopper redistributed from the soybean monoculture, not from new immigrants into the experimental Þeld. If this is true, then we would expect that largescale plantings of relay-intercropped wheat/soybean would have a greater leafhopper suppression effect than our results indicate.
Weather conditions varied considerably during the study; 1992 was an unusually wet year, while 1991 and 1993 (especially AugustÐSeptember) were dry. The initiation of mass migration of potato leafhoppers into the study area occurred during mid-June in 1992, rather than in late May and early June, which is typical. Possibly because of higher humidity and enhanced plant growth in 1992, both the initial migratory inßux of potato leafhoppers and the seasonal population development were greater in all cropping systems than in the other years. However, the pattern of abundance relationships among cropping systems was consistent through all years.
The combination of soybean-wheat relay intercropping systems and soybean monoculture was developed as a model system for the purpose of identifying the conditions under which potato leafhopper responds to vegetational diversity, and to facilitate investigation of mechanisms that contribute to population suppression (Miklasiewicz 1997; unpublished data) . This work expands upon earlier research by Hammond and Jeffers (1990) who demonstrated that relatively large concentrations of wheat relay-intercropped with soybean (similar to 14:3) produced dramatic potato leafhopper population suppression, relative to a soybean monoculture. The results of the present research corroborate their Þndings, but also demonstrated that similar levels of potato leafhopper population suppression were obtained when much lower concentrations of wheat were used in intercropping systems.
During the 3 yr of the experiment, there were never any signiÞcant differences in abundance of either sex detected among the intercropping systems. Not only were there no signiÞcant differences in potato leafhopper density found among the intercropping systems, there was not a consistent trend toward higher density as the amount of wheat decreased. This was surprising in light of the wide range in the amount of wheat planted. However, leafhopper density differences may be partially reßective of differences in host quantity among the cropping systems. Our analysis showed that for several vegetative characteristics that we considered to be indicators of host quantity in soybean (Table 1) , vegetative stage, biomass, and leaf area, the 3:3 cropping system was more similar to other intercropping systems than to the monoculture. Means of the 3:3 and 7:3 cropping systems were usually similar in magnitude, and were not signiÞcantly different, whereas the means for the 0:3 and 3:3 cropping systems were more often disparate in magnitude and signiÞcantly different. During 2 yr, means for vegetative stage, biomass, and leaf area of intercropping systems, as proportions of corresponding means of the monoculture, were 64 Ð 83%, 61Ð72%, and 29 Ð 62% for the 3:3, 7:3, and 14:3 cropping systems. Of these three vegetative characteristics, we believe that leaf area to best represent the host resource available to potato leafhoppers, because on pubescent soybean they mainly inhabit, feed upon, and oviposit in leaves.
If the quantity of host present in the 3:3 cropping system was intermediate between monoculture and "full relay intercropping," the leafhopper response was not proportionate to host quantity. There were very few adult leafhoppers present in any intercrop-ping system before wheat harvest. Therefore, it may be that the quantity of host present in the intercropping system with the least wheat/most soybean, the 3:3 cropping system, was below the threshold for potato leafhopper population establishment.
The purpose of this study was to quantify potato leafhopper abundance across a gradient of crop diversity. Because of the large differences between soybean monoculture and the intercropping systems, the null hypothesis, that there was no difference among cropping systems in potato leafhopper abundance, was rejected. In accordance with the resource concentration hypothesis, the alternative hypothesis stated that potato leafhoppers would be distributed among cropping systems in numbers inversely proportionate to the amount of wheat present. This alternative hypothesis cannot be accepted, because of the absence of signiÞcant differences among the intercropping systems. Therefore, the results of this research lend only qualiÞed support to the resource concentration hypothesis. When comparing the soybean monoculture to the more vegetationally diverse intercropping systems as a group, the hypothesis is strongly supported by the magnitude and consistency of the differences recorded. However, within the range of intercropping systems there was no discernable response of herbivore abundance to concentration of host. Roltsch and Gage (1990) , who also studied potato leafhopper response to a gradient of host/ nonhost concentration, likewise reported markedly greater numbers of potato leafhopper in monoculture in comparison with all intercropping systems, but differences within the group of intercropping systems were considerably less.
Failure to Þnd differences in potato leafhopper density among the intercropping systems suggests that host plant quantity and quality differences are a less important factor than the presence of wheat in inßu-encing potato leafhopper abundance. For additive intercropping designs (Vandermeer 1989) , such as that used in this study, the intensity of interspeciÞc competition generally increases as overall plant density is enhanced. Increasing the number of rows of wheat by a factor of 4.7 (3:3Ð14:3) appears to have a detrimental impact on soybean leaf area, biomass accumulation, phenology, and stress level (e.g., as indicated by wilting), and is likely to inßuence habitat selection by herbivores (Kareiva 1983 , Andow 1983 , Lamp 1991 . In 1991 and 1993, when our area experienced drought for portions of the growing season, such signs of reduced plant quality were commonly observed by the lead author on soybean in the 14:3 cropping system, and to a lesser extent in the 7:3 cropping system. Hammond and Jeffers (1990) found that for pubescent soybean, intercropping with wheat produced signiÞ-cant decreases in leaf area index, and in some cases signiÞcant seed yield reductions. Roltsch and Gage (1990) found that leaf area and yield of common bean were inversely correlated with tomato density across a range of monoculture and intercropping systems. Potato leafhopper has been found to respond to differences in host plant quality. For example, Hammond and Jeffers (1990) and the present authors have observed that potato leafhopper adults may abandon severely damaged soybean plants, allowing for some recovery from injury as potato leafhopper density is reduced. Roltsch and Gage (1990) concluded that although bean plants in their experiment had reduced quality and reduced resource availability to potato leafhopper as competition with nonhosts increased, potato leafhopper response to reduced host quality/ quantity was unable to account for the suppression of abundance observed in the presence of nonhosts.
Aside from what has already been discussed regarding the relationship of potato leafhopper density to host plant quantity and quality, the methods of this study were not designed to explore the possible mechanisms responsible for the differences in abundance. Companion studies (unpublished data), conducted concurrently in the same experimental plots, explored differential colonization and natural enemy-induced mortality as possible explanations for these differences. The patterns of potato leafhopper density and temporal dynamics observed in the present work appear to directly reßect the pattern of differential colonization observed (Miklasiewicz 1997) .
The signiÞcance of this work is that it extends our understanding of how potato leafhopper interacts with mixed-crop habitats. Of particular interest was the substantial level of potato leafhopper population suppression produced in the cropping system with the lowest amount of wheat. If comparable or lower densities of a nonhost can reliably interfere with potato leafhoppers, intercropping with low densities of pestsuppressing plants might Þnd applicability in producing crops to which potato leafhopper is a signiÞcant threat. The use of such intercropping systems would provide growers with an alternative management tactic against potato leafhoppers.
